Introduction
Magnesium alloys appear to be attractive for transport applications due to their high specific strength compared to steels. For structural components in passenger cars in general, manufacturers have to prove energy absorption and structural integrity in case of crash scenarios. Several criteria are used to assess crashworthiness, including the deformation pattern of the vehicle sub-structure, the acceleration experienced by the vehicle during impact, and the probability of injury predicted by human body models. Much is known about the deformation behaviour of aluminium and steel structures.
However, magnesium and its alloys recently came into focus. Depending on the processing route of the alloy (cast or wrought material), the mechanical behaviour can be significantly different from that observed in classical structural metals. While in case of cast alloys the elasto-plastic response is primarily isotropic, in rolled sheets or extruded rods the crystallographic texture causes different yielding in tension and compression, which is referred to as the strength differential (SD) effect [1] . Because of their improved ductility, wrought alloys are preferred for structural components. Thus, any analysis of the crushing and buckling behaviour of profiles obviously has to incorporate the different characteristic in tension and compression.
Recent contributions in this field address the failure pattern of extruded magnesium rods [2] , the strain rate sensitivity in compression [3, 4] , the behaviour of cast alloys [5] and FE-modelling of the response during crushing [6] . Most of the investigations mentioned were conducted at room In a cooperation between the Light-weight Materials Assessment, Computing and Engineering Centre (ACE) and the Magnesium Innovation Centre (MagIC), both at Helmholtz-Zentrum Geesthacht, an attempt was made to study the crashworthiness of prismatic profiles produced from magnesium alloys AZ31 and ZE10 under quasistatic macroscopic compressive loading. The results were compared with predictions from finite element simulations as well as with experimental results achieved with an aluminium 6060 profile as reference.
Mechanical Characterisation
The material analyzed was rolled magnesium sheet with 2 mm nominal thickness in a stress-relieved O-temper condition. The material was obtained commercially from former Salzgitter Magnesium Technology (SZMT) of Salzgitter and is therefore consistent with regards to the production method used. Uniaxial tensile tests and compression tests were conducted on the two sheets along the rolling (RD) and the transverse direction (TD). All of the tests were quasistatic tests conducted at room temperature. For the uniaxial tensile test, dimensions specified in the international standard DIN 50125 were used. The tensile tests were performed in universal materials tester Zwick Z050. Fig. 1 shows the true stress-strain curves obtained by the tensile tests. Methods for large-strain in-plane compression testing of sheet materials remain more challenging; buckling occurs easily preventing uniaxial deformation. Therefore, cubic specimens of 5 glued layers of magnesium sheets were prepared for the tests. The dimensions of the specimen were 10 x 10 x 10 mm 3 . The testing machine used in the tests was a SCHENCK servo-hydraulic 1000 kN machine.
A compressive force was applied along in plane direction of the sheet and the displacement between the top and bottom surfaces of the specimen was recorded by an extensometer. The true stress-strain curves of the compression tests are shown in the right hand part of Fig. 1 . For AZ31 the hardening rate along TD is higher compared to ZE10 for both, tension and compression tests. The difference between the two orientations in the tensile test is pronounced in the case of ZE10. It is worth noting that both magnesium alloys reveal the "S" shape hardening during compression tests.
Laser Welding of Profiles
Square tubes with outer dimensions 50 mm × 50 mm and 400 mm in length were produced from AZ31 and ZE10 sheets. Welding was performed using a 3.3 kW Nd:YAG laser with a fibre-optic (400 µm core diameter) and a 200 mm focal length. The laser optic was mounted on a KUKA KR30HA industrial robot. The clamping system was based on a magnetic system with 7 magnets of (Fig. 2a) . All specimens were tack welded on all seams before final welding. Laser welding without filler wire was developed and optimized with regard to the microstructural and mechanical performance of the joints. The welding parameters were set to a laser power of 2.8 kW at a focus position of -0.3 mm in x and z direction. Welding was carried out at a welding speed of 3.6 m/min under shielding gas (surface: Ar at 20 l/min; root: He at 20 l/min). Details on microstructure and mechanical properties of the laser beam welded magnesium alloys can be found in [8] . All of the welded tubes were non-destructively inspected by X-ray radiography. With the chosen laser welding parameters joints with a low porosity were produced. All joints showed the typical key-hole welding effect of narrow welds (Fig. 2b-c) . No heat-affected zone was observed.
(a) (b) (c) Fig. 2 . Photograph of the clamping system for laser welding of Mg-sheets (a); micrograph of the AZ31 ridge weld (b) and micrograph of the ZE10 ridge weld (c).
Crush Test Results and Simulations
Axial crush tests were performed after clamping the ends of the profiles to studs. The upper transverse was moved downwards with a speed of 10 mm/min. The axial reaction force was recorded as a function of the transverse travel. Each specimen was loaded until local cracking was observed, which coincides with a sharp drop of the reaction force. Fig. 3 shows the measured force-displacement records of rectangular hollow profiles for the two materials, namely AZ31 and ZE10. The peak load in the early stage of deformation corresponds to homogenous deformation prior to buckling. With the onset of buckling the load decreases reaching a plateau during the formation of buckles. In the case of AZ31 the force increases before failure, while this was not observed for ZE10. Cracks appeared in the base material in the vicinity of the profile's edges.
In the past, explicit finite element crashworthiness codes became an indispensable tool for the design of energy absorbing elements. In this work only quasi-static events are considered and computationally efficient implicit simulations were performed. The profiles were meshed using 4-noded linear shell elements with 21 section points through the thickness without explicitly considering the weld zone. Displacement boundary conditions were prescribed at the ends of the profiles, the resulting reaction forces were compared with their counterparts recorded during the crush tests. An elastic-plastic material law [9] was adopted, which was calibrated using the stress-strain curves shown in Fig. 1 . Failure was described by means of a strain-based criterion [10] . Results of the simulations are presented together with the experiments in Fig. 3 . They show a reasonably good agreement with the tests. The predictions of the deformed configurations are included in the figure evidencing the difference in buckling mode between the two materials.
Significant differences in terms of buckling pattern and failure mode were furthermore recorded between the two magnesium alloys and an aluminium 6060 profile of identical geometry, which was considered as a reference. In the case of the latter, folds develop subsequently during crushing leading to an accordion-like pattern, see Fig. 4 . Small cracks initiate but do not breach the profiles integrity. Therefore, the achieved displacement is higher than those of the magnesium alloys (Figs. 3 & 4. ).
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Conclusions
Buckling and failure modes for magnesium profiles were identified as being different from those observed for an identical aluminium profile. The microscopic fracture mode for both magnesium alloys was identified to be shear failure over the sheet's thickness in the base material. While aluminium alloys usually exhibit progressive folding, the tested magnesium profiles, however, showed simultaneous formation of folds. This is related to the high tangent modulus in compression. This effect -even more pronounced in AZ31 than in ZE10 -results in good energy absorption, see Fig. 1 . For compression of the profiles up to 20 mm the specific dissipated energy was 2.07 J/g in the case of AZ31 and 2.25 J/g in the case of ZE10, while in the reference aluminium alloy 6060 a specific energy of only 1.81 J/g was dissipated. This positive trend is inverted once a larger displacement of e.g. 200 mm is considered. In this case all magnesium profiles were completely fractured, while the aluminium profile was only partially fractured and could still transfer non-zero axial load. The frequently reported good specific strength of magnesium alloys induces an energy absorption superior to that of aluminium alloy once small and intermediate deformations are considered. A high hardening rate is beneficial for energy absorption as long as no fracture occurs. Thus, further alloy development for crash applications should aim at combining both, progressive hardening and improved ductility in compression.
